For the first time, a dual band wearable personal distributed exposure meter (DPDE) is designed. The DPDE is calibrated on-body in a reverberation chamber. The meter consists of four nodes including textile antennas operating at 2443 MHz (WiFi 2 GHz) and 2595 MHz (LTE 2600 MHz). The location of the nodes are optimized based on the calibration in a reverberation chamber. The results show that the DPDE has a high antenna-body isolation and thus its performance is less affected by presence of the human body. The measurement uncertainty of the designed DPDE is maximum 4.5 dB in terms of 68% confidence interval of its response. The results are validated in a real office environment for WiFi 2 GHz. The DPDE has a detection limit of 3 μW.m −2 in diffuse fields.
Introduction
People spend more than 80% of their time indoors [1] . Meanwhile, the number wireless devices e.g. tablets and smart phones, is rapidly increasing. This could result in an increasing exposure of people to radio-frequency (RF) electromagnetic fields (EMF). This increase is associated with a growing concern regarding the potential health effects of wireless devices. For instance, the WHO identified characterization of exposure to emerging RF EMF-based technologies as an important issue to be addressed by many countries [2] . The total RF power in an indoor environment is composed of specular and diffuse or dense multipath components (DMC) [3] . This is a result of coherent (large surfaces) and non-coherent (due to the presence of different objects) reflections in an indoor area. The contribution of DMC to the power density in an indoor environment maybe up to 95% [4] . Therefore, assessment of human exposure to RF sources in indoor environments is crucial.
Personal exposure to RF EMF is measured by personal exposure meters (PEMs). Several studies have shown that PEMs are faced with large measurement uncertainties up to 30 dB [5] . A review of factors contributing to uncertainty of PEMs can be found in [6] . Personal distributed exposure meters (PDEs), including single band [7] or multi-band nodes [8] have been proposed and calibrated on body in anechoic environments. PDEs have an smaller uncertainty compared to PEMs in specular conditions [7, 8] . However, it is unsure whether this is the case in diffuse RF exposure conditions (i.e. indoor environments). The response of two PEMs under diffuse exposure has been studied using numerical simulations and measurements [9] .
In this paper, for the first time, we present the design and on-body calibration of a Dual-band PDE (DPDE) in a reverberation chamber (RC). The DPDE consists of four nodes on the front and back of the user's body. The DPDE measures the incident power density (S inc ) for the downlink band of Long-Term Evolution (LTE) 2600 MHz and Wireless Fidelity 2 GHz (WiFi-2G).
The methodology is described in Section 2. Section 3 presents the results and Section 4 concludes the paper.
Methodology
The DPDE consists of 4 nodes (antennas) operating at 2443 MHz and 2595 MHz that cover WiFi-2G and LTE 2600, respectively. The nodes have been calibrated on a 28-year old male subject with a body mass index (BMI) of 23.6 kg/m 2 in an RC. The on-body location of the nodes is predefined and has been studied in [8] (see Figure 1 ). Figure 2 shows an example of a node which consists of an elliptically polarized Substrate Integrated Waveguide (SIW) textile antenna and a printed circuit board (PCB). The design of the antennas is based on [10] . Each node has a sampling rate of 1 Hz and a dynamic range of 80 dB. Figure 3 illustrates the measurement setup in the RC. The room has a volume of 65 m 3 and has a stirrer to stir electromagnetic modes. First, the subject is placed in the working area of the chamber in the room (see Fig 3) . The TX delivers a constant power of 0 dBm and the received power P r is measured on each node on their optimized locations (JN for WiFi-2G; BT for LTE 2600) during a full rotation of the stirrer (at a speed of 2 • /s). Second, to study the effect of node's location on the DPDE's measurement uncertainty, the nodes location of the nodes are changed as follows: for WiFi-2G, the node on the front (J) moved from the left side of the trunk to the right side (G), and the node on the back (N) moved from the right to the left of the trunk (M); for LTE 2600, the node on the front (B) moved from down vertically on the left chest (D), and the node on the back (T) moved from the bottom to upper part on the right side of the trunk (L). Third, the first step is repeated for the nodes on their new locations. Fourth, S inc is measured using a broad band isotropic field meter (Narda NBM 550, Hauppauge, NY) in the empty chamber (at the same location of the subject) at different heights from the floor (68-201 cm) . These values are averaged over the measured heights and the positions of the stirrer. Finally, the antenna aperture (AA) in diffuse fields is obtained for each frequency band from the measurements:
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where P r is the on-body received power averaged over all positions of the stirrer. The P r for the front and back are then averaged geometrically for each frequency band.
Validation in a real indoor environment
In order to validate the designed DPDE, the incident power densities S inc are measured using a tri-axial antenna and a spectrum analyzer (R&S FSL, Rhode & Schwartz, Munich, Germany). This procedure is proposed in [11] . WiFi-2G is chosen since this is a dominant signal in indoor environments. Two locations are chosen in the 5th floor of an office building in Ghent, Belgium (see Fig. 4 ). The antenna is placed 1.5 m above the ground floor on these two locations and S inc is measured. Following the measurements with the antenna the subject wearing the DPDE walks around a square of 1×1 m 2 centered on the two chosen locations. The received power P r is registered on each node during the measurements. Using equation (1), the actual exposure is calculated and is compared to the measured values by the tri-axial antenna. Figure 5 demonstrates the 68% confidence interval (CI 68 ) of the on-body AA for WiFi-2G and LTE 2600 in diffuse fields. For both frequency bands and the measured positions of the nodes, the nodes on the front have a CI 68 in the range of 5-6 dB while the nodes on the back have a CI 68 of 6-7 dB. Averaging over the two nodes on the front and back reduces the uncertainty to 4 and 4.5 dB for WiFi-2G (JN) and LTE 2600 (BT), respectively. A CI 95 of 6.9 dB for the average response over two PEMs in an RC has been reported in [9] . Changing the location of the nodes for both frequency bands does not have a significant influence on the uncertainty of the DPDE. For example, changing the location of WiFi-2G nodes from JN to GM reduced the CI 68 0.2 dB.
Results and Discussion
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The CI 68 remains constant (4 dB) for LTE 2600 (changing the location of the nodes from BT to DL). It can be concluded: 1) the designed DPDE is less affected by the wearer's body compared to single nodes on the body.
2) The optimized location of the nodes for the DPDE (based on calibration in the anechoic chamber) [8] can be used in diffuse fields as well. Figure 6 depicts the mean on-body AA in diffuse fields for the optimized locations of the nodes for WiFi-2G and LTE 2600 (JN and BT). The designed DPDE has a mean AA (for the average over front and back) of 1.93 cm 2 and 1.65 cm 2 , for WiFi-2G and LTE 2600, respectively. In a diffuse environment, a P r of 1 μW on the antennas (nodes) corresponds to a mean S inc of 5.2 and 6.1 mW.m −2 for WiFi-2G and LTE 2600, respectively. 
Validation in a real indoor environment
Conclusions
A dual band wearable personal distributed exposure meter (DPDE) is proposed to measure the human exposure in diffuse indoor environments. The DPDE consists of four nodes that are worn on body measuring the incident power density at WiFi-2G and LTE 2600 downlink bands. The location of the nodes of the DPDE is optimized based on calibrations in the anechoic chamber. Calibration of the DPDE is the RC confirms that the optimized configuration of the DPDE can be used for an improved assessment of personal diffuse exposure in indoor environments. The designed meter has a measurement uncertainty of maximum 4.5 dB on its antenna aperture. The WiFi-2G signals are measured by the DPDE in an indoor office building. The results are compared with the measurements of a tri-axial antenna and a spectrum analyzer. The results are in good agreement. The designed DPDE has an on-body detection limit of 3 μW /m 2 .
